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Summary
Lateral gene transfer (LGT) is one of the most important
processes leading to prokaryotic genome innovation [1].
LGT is typically associated with conjugative plasmids and
bacteriophages, but recently, a new class of mobile DNA
known as integrating and conjugative elements (ICE) was
discovered, which is abundant and widespread among
bacterial genomes [2–7]. By studying at the single-cell level
the behavior of a prevalent ICE type in the genus Pseudo-
monas [5, 8], we uncover the remarkable way in which the
ICE orchestrates host cell differentiation to ensure hori-
zontal transmission. We find that the ICE induces a state of
transfer competence (tc) in 3%–5% of cells in a population
under nongrowing conditions. ICE factors control the devel-
opment of tc cells into specific assemblies that we name
‘‘mating bodies.’’ Interestingly, cells in mating bodies
undergo fewer and slower division than non-tc cells and
eventually lyse. Mutations in ICE genes disrupting mating-
body formation lead to 5-fold decreased ICE transfer rates.
Hence, by confining the tc state to a small proportion of
the population, ICE horizontal transmission is achieved
with little cost in terms of vertical transmission. Given
the low transfer frequencies of most ICE [9–11], we antici-
pate regulation by subpopulation differentiation to be
widespread.Results and Discussion
ICEclc Differentiates a Small Proportion of Host Cells into
Transfer-Competent Cells
Integrating and conjugative elements (ICE) are normally inte-
grated and stably maintained in the chromosome of their
bacterial host. However, in order to spread to other hosts,
they must excise by site-specific recombination, conjugate
to a new recipient cell, and reintegrate at one or more unique
insertion sites [9, 12–15]. Previous results using a prevalent
model ICE named ICEclc (after its propensity to code for
a metabolic pathway for chlorocatechol degradation) in the
bacterium Pseudomonas knackmussii B13 showed that
expression of the ICEclc integrase is limited to a small fraction
of cells [8, 16, 17], suggesting that only these cells are capable
of transmitting the ICE to new recipients.
In order to demonstrate the existence of the presumed
dedicated ‘‘transfer-competent’’ (tc) cells in a population, we
followed ICEclc transfer at the individual cell level (see Supple-
mental Experimental Procedures available online). As donor
for ICEclc, we used P. knackmussii B13, labeled with2These authors contributed equally to this work and are co-first authors
*Correspondence: janroelof.vandermeer@unil.cha single-copy fluorescent reporter gene (egfp) fusion to the
promoter of the intB13 integrase gene (Pint). Intact integrase
is essential for ICEclc excision and transfer [8, 18], and expres-
sion of eGFP from Pint would thus indicate the initiation of the
ICE horizontal transmission process at the single-cell level.
P. knackmussii B13 cells were additionally labeled with
a single-copy constitutively expressed Ptac-mCherry fusion
to differentiate them from recipient (Table S1). As recipient
for ICEclc, we used Pseudomonas putida UWC1 containing
a single-copy engineered conditional trap that upon ICEclc
insertion leads to strong eGFP production (Figure 1A) [12].
Time-lapse epifluorescence microscopy of mixtures of donor
and recipient cells on agarose nutrient surface indeed showed
appearance of brightly fluorescent recipient cells, indicating
ICEclc transfer (Figure 1B, arrowhead a). Brightly fluorescent
recipient cells (n = 78 scored events) arose exclusively upon
observable physical contact to a donor cell that had expressed
Pint-egfp. No ICEclc transfer was observed with donor strains
with deletions in the intB13 gene or in the left attachment site
attL, which cannot excise ICEclc. This showed, therefore, that
ICEclc can only transfer from specialized cells (tc cells) that
have somehow differentiated from the rest of the population.
The tc state can be detected by expression of reporter protein
from an extra copy of the Pint promoter (Figure S1), but transfer
likely depends on expression of a large number of other genes
on ICEclc [8, 19] and signals from the host cell [16]. These
results thus confirmed previously formulated hypotheses [8]
that Pint-expressing cells are indeed those and only those
that are capable of transferring ICEclc.
tc Donor Cells Face Severe Growth Impairments
Intriguingly, tc donor cells displayed different morphology
than non-tc donor cells in the time-lapse transfer experiment
(Figure 1B). To test this observation further, we collected
P. knackmussii B13 cells from a liquid culture under
stationary-phase conditions and deposited them on the
surface of a nutrient agarose. tc cells in this case consistently
formed smaller microcolonies than cells that showed no
expression of the Pint-egfpmarker (Figures 2A and 2B). tc cells
showed aberrant cell shapes, divided more slowly, accumu-
lated more biochemical damage (i.e., reactive oxygen species
and membrane damage; Figures S2A and S2B), and lysed
more frequently than cells in microcolonies from non-tc cells
(Figures 2A and 2B). In fact, up to 50% of tc cells from
P. knackmussii B13 placed on nutrient surface were unable
to divide at all (Figure 2B). As expected, a small proportion
of cells in microcolonies from non-tc starter cells developed
transfer competence once the colony entered stationary
phase, as indicated by their eGFP fluorescence from Pint (Fig-
ure 2B, 50 hr). Also, such newly formed tc cells withinmicrocol-
onies displayed slower division and higher lysis probability
compared to neighboring non-tc cells when presented with
fresh nutrients (Figure 2C). Similar formation of small microcol-
onies from tc cells and their growth inhibition was detected
in three other species, into which a single ICEclc copy was
inserted via conjugation, notably P. putida UWC1 and
two Pseudomonas aeruginosa strains (Figure 2B). Hence,
specific small microcolony formation from tc cells and their
Figure 1. ICEclc Transfer and Competence Formation
(A) Schematic principle of ICEclc transfer and explanation of the single-copy
engineered conditional trap in the recipient cell [12]. The star at the Pint
promoter indicates that it is being expressed only in transfer-competent
(tc) cells.
(B) Time-lapse epifluorescence (eGFP and mCherry overlay) and phase-
contrast (PhC) imaging of ICEclc transfer from P. knackmussii B13 donors
(d) to P. putida UWC1 (r), both labeled as indicated in (A). tc donor cells
are visible in orange (overlay of eGFP from Pint and red from mCherry).
Non-tc donor cells fluoresce red only. Note how a brightly eGFP-expressing
transconjugant of P. putida becomes visible from t = 12 hr onward (arrow-
head a), whereas the corresponding B13 donor cell lyses (arrowhead b).
See also Figure S1.
Figure 2. Formation of Specific Transfer Colony Morphotypes of ICEclc
tc Cells
(A) Limited division of a tc cell (orange-green cell at time 0) into a tc cell mi-
crocolony (TCM) compared a regular microcolony formed from a non-tc cell
of P. knackmussii B13 (labeled as indicated on top image). Inset shows cor-
responding phase-contrast micrographs of the TCM, highlighting decay
and cell lysis after 20 hr. Note how a small proportion of cells in the regular
microcolony randomly again develop transfer competence at t = 50 hr in
stationary phase (green cells).
(B) Quantification of TCM sizes achieved from ICEclc tc compared to non-tc
cells taken from stationary-phase suspended culture and deposited on
nutrient surface. Green bars, tc cells dividing more than once; black bars,
cells not dividing; red bars, average microcolony growth from non-tc cells.
Disappearing lineages indicate cell lysis. ICEclc donors: P. knackmussiiB13
(two copies),P. putidaUWC1,P. aeruginosaATCC33356, andP. aeruginosa
ATCC33938 (all one ICEclc copy) [20].
(C) Top: cumulative length of progeny of newly formed ICEclc tc cells of
P. knackmussii B13 in regular microcolonies compared to neighbors during
a 6.8 hr period, after renewed addition of 4 mM glucose (70 hr). Bottom:
mean percentage of lysis among tc versus non-tc B13 cells across 22 exam-
ined microcolonies. Microcolony average size was 175 6 78 cells, with an
average proportion of 13 6 6 tc cells, during the time window of 51–75 hr
in stationary phase and after addition of glucose at time 70 hr. Error bars
denote SD.
See also Figure S2.
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256reproductive inhibition is not host dependent, is not an artifact
of the labeling techniques (Supplemental Experimental Proce-
dures), and occurs independently of the presence of recipient
cells without ICEclc. Collectively, these experiments demon-
strated that ICEclc tc cells arise species independently and
reproducibly at low frequency (w1022 per cell) under non-
growing conditions (stationary phase, Figure 2A). tc cells can
divide to form a small microcolonywhen new growth substrate
becomes available, but their cell division is specifically and
severely inhibited, and tc cells eventually lyse (Figures 2A
and 2B). Reversion of the tc state was not detected in time-
lapse experiments (n = w100 tc starter cells) but may occur
at lower frequencies given that ICEclc excision and reintegra-
tion in different chromosomal attachment sites can be de-
tected by PCR in suspended cell cultures [12].
ICEclc Controls the Process of tc Cell Microcolony
Formation
In order to demonstrate that ICEclc controls the development
of tc cell microcolonies (TCM), we measured the proportion of
TCMarising from tc cells in strainswith intact ormutant ICEclc.
Because P. knackmussii B13 carries two ICEclc copies, we
used P. putidaUWC1with a single integrated ICEclc (Figure 3).
The proportion of TCM developing from stationary-phaseP. putida UWC1 (ICEclc) cells placed on nutrient surface,
scored by epifluorescencemicroscopy after 120 hr incubation,
was almost 0.7% (Figure 3C). This proportion is slightly lower
than the proportion of tc cells identified by Pint-egfp
Figure 3. ICEclc Dependency of TCM Formation in P. putida UWC1
(A) Indication of the relevant gene region on ICEclc implicated in TCM formation. Fragments introduced by plasmid into P. putidaUWC1 (without ICEclc) are
depicted.
(B) Effect on population growth of different cloned ICEclc fragments after IPTG induction (black symbols) from the heterologous Plac promoter (triangles in A).
(C) Small microcolony formation and cellular differentiation induced inP. putidaUWC1without ICEclc but with the parA-shi-parBICEclc locus (20 hr after IPTG
induction), compared to TCM of P. knackmussii B13 (Pint-egfp) and P. putida UWC1 (ICEclc, Pint-egfp). rcm, microcolony from non-tc cells; PI, propidium
iodide; DAPI, 40,60-diamino-2-phenylindole.
(D) Proportions of TCM (Figure 2A) per total number of microcolonies scored after 120 hr on agarose surface (stationary phase) with 0.1 mM
3-chlorobenzoate.
(E) ICEclc transfer frequencies in donor-recipient filter matings. Letters indicate significance groups according to ANOVA followed by Tukey’s post hoc
test (p < 0.05).
Error bars represent SD from the mean in triplicate assays. See also Figure S3.
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257expression, because some of those do not develop into TCM
(Figure 2B; Table S2). In contrast, P. putida UWC1 without
ICEclc, but with a mini-Tn7-delivered single copy of the clc
genes, enabling growth on the same nutrient surface (Supple-
mental Experimental Procedures), produced only 0.02% TCM
(p < 0.05; Figure 3C). P. putida UWC1 carrying a mutant ICEclc
with a transposon insertion in orf18502, causing silencing of
expression of ICEclc transfer genes in a region stronglyconserved among a wide variety of ICE [8, 19] (Figure 3A),
produced a proportion of TCM nonsignificantly different from
strain UWC1 without ICEclc (0.06%, p > 0.05; Figure 3C). In
contrast, deletions in intB13 or in attL that prevent ICE excision
showed TCM proportions similar to wild-type ICEclc (p > 0.05;
Figures 3C and S2C). This indicated that development of
tc cells into TCM is due to the presence and expression of
ICEclc genes. It also indicates that slower growth of tc cells
Figure 4. eGFP Fluorescence from the Pint Promoter in tc Cells of
P. knackmussii B13 and Siblings
Filled black circles, mean eGFP fluorescence in non-tc cells (n = 500 at each
time point); gray squares, average background fluorescence of the epifluor-
escence image; open black circles, cell division events. Error bars represent
SD. See also Figure S4.
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258is not due to ICEclc excision or any other activity of the IntB13
integrase, as a result of which cells could no longer metabolize
growth medium components (Supplemental Experimental
Procedures).Formation of tc Cell Microcolonies Is Intimately Linked
to ICEclc Transfer
To identify which ICEclc factors are responsible for the cell
growth inhibition and TCM formation, we cloned ICEclc gene
combinations under control of the LacIq/Plac system on a
plasmid in P. putida UWC1 without ICEclc (Supplemental
Experimental Procedures and Table S1). Of the various combi-
nations, a particular 6 kb DNA fragment from within the
conserved ICEclc region [8] invoked strong growth inhibition
of P. putida UWC1 cultures (Figure 3A). Subsequent subclon-
ing of individual and combinations of gene fragments under
LacIq/Plac expression control indicated that growth inhibition
was due to the presence of a small open reading frame on
ICEclc, which we named shi (Japanese for ‘‘dead’’) (Figures
3A and 3B). Expression of shiwas necessary for culture growth
inhibition but in addition required the 50 region of an upstream
genewith partial homology to parA (Figures 3A and 3B). Micro-
scopic observations showed that population growth inhibition
was due to formation of slow-growing cells with abnormal long
morphologies. P. putida UWC1 cells in which the parA-shi
region was expressed produced small microcolonies on
nutrient surface (Figure S3A), with cell morphologies and
cellular damage similar towhatwas observed for tc cells within
TCM for both P. knackmussii and P. putida UWC1 with ICEclc
(Figure 3C). This suggested that expression of the parA-shi
region in a host without ICEclc reproduced at least partly the
development of tc cells into TCM.
Tailored deletion of either parAICEclc or shi on ICEclc in
P. putida UWC1 indeed significantly reduced the proportionof TCM compared to wild-type (p < 0.01; Figure 3D). Interest-
ingly, ICEclc transfer rates from P. putida UWC1 with the
parAICEclc or shi deletion also were up to 5-fold lower than
that of the wild-type (p < 0.01; Figure 3E). In contrast,
P. putida UWC1-ICEclc-Dshi produced the same proportion
of Pint-egfp-expressing cells in stationary phase as wild-type
ICEclc in P. putida (3.6 6 1.0 versus 3.8 6 0.5, p = 0.94). This
indicates that tc cells in P. putida UWC1-ICEclc-Dshi indeed
arise but cannot develop into TCM. Because we could score
TCM only when consisting of at least two cells, this would
explain the observed reduced proportion of TCM in this strain
(Figure 3D). The formation of TCM is thus intimately linked to
more effective ICEclc transfer.
ICEclc Control Is Unlike Plasmid Toxin-Antitoxin Systems
The implication of ICEclc-encoded factors in inhibition of
proliferation of tc cells is reminiscent of but distinctly different
from plasmid and other ICE-encoded toxin-antitoxin systems
that inhibit plasmid- or ICE-free daughter cells to divide
[21–23]. First of all, the parAICEclc and shi gene products do
not display any significant similarity to any of the seven known
classes of TA systems from plasmids, ICE, and chromosomes
[23]. The shi open reading frame encodes a small hypothetical
protein (85 amino acids) that is highly conserved among ICE
similar to ICEclc. Shi possesses very low but discernible
homology to a eukaryotic voltage-gated calcium channel
domain, suggesting that it may influence bacterial membrane
potential (Figure S3B). Second, the process of cell division
inhibition within TCM is not the result of ICEclc loss or ICE
excision. To demonstrate this, wemeasured the eGFP reporter
signal intensity fromPint in individual tc cells and their offspring
within TCM. Because Pint expression is completely silent in
absence of ICEclc, daughter cells that would have lost ICEclc
would no longer produce new eGFP, and their fluorescence
would diminish by 50% after every cell division [24]. Contrary
to this, eGFP fluorescence did not diminish in tc cell lineages
of P. knackmussii B13 (n = 8 TCM; Figure 4), or in P. putida
UWC1 (ICEclc) without or with deletions in intB13 or attL (Fig-
ure S4). Inhibition of tc cell division is thus not a consequence
of loss of ICEclc and is therefore unlike classical toxin-anti-
toxin systems.
TCM Formation, a Trade-off between Horizontal
and Vertical Transmission
In conclusion, our results show that ICEclc transfer occurs
exclusively from tc cells, the development of which is initiated
in nongrowth stationary-phase conditions. The phenomenon
of transfer competence is so far only known from Entero-
coccus spp., where plasmid-free recipients induce plasmid
conjugal transfer from potential donors by peptide phero-
mones [25, 26] without actually showing cellular differentiation
of conjugating cells. Subpopulation competence development
also occurs in early stationary-phase B. subtilis cells, but this
involves the process of DNA uptake (natural transformation)
rather than conjugation [27]. In contrast, ICEclc-differentiated
tc cells can divide into specificmicrocolonies (TCM)when cells
are presented with new nutrients, although many tc cells do
not divide at all and eventually lyse within TCM (Figure 2A).
TCM formation is controlled by ICEclc factors shi and parA,
and tc cells within TCM showmorphologies distinctly different
from cells in regular microcolonies in which ICEclc is not
active. Because mutants in which transfer competence is initi-
ated but which do not form TCM display 5-fold lower transfer
rates (deletion of shi on ICEclc; Figure 3E), we conclude that
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259the formation of TCM provides a selective advantage to the
success of ICEclc horizontal transmission. We hypothesize
that even though transfer competence is initiated in stationary
phase, such cells are nutrient starved, and tc cells need
nutrients to complete the transfer process. In addition, the
few divisions that tc cells undergo to form a TCM may serve
to increase the chance to contact a suitable recipient cell on
a surface (Figures 1B and S3C). TCM may from that per-
spective be regarded as primitive ‘‘mating bodies.’’ We show
that ICEclc horizontal transmission leads to sacrifice of tc
donor cells, but by confining the transfer-competent state to
a small proportion of cells (3%–5%), fitness loss at the
population level becomes undetectable (Table S3) [20].
Slower growth and lysis of tc donor cells may be a conse-
quence of specific high demand for resources to produce
the conjugative system, or of excessive oxidative damage
(Figure S2B). Lysis will also locally release nutrients fromwhich
transconjugants might profit. ICEclc horizontal/vertical trans-
mission trade-off is thus maintained at the proportion of cells
that enter transfer competence (Figure S3D). Such subpopula-
tion control may also explain the system of so-called ‘‘fertility
inhibition’’ that conjugative plasmids use to repress transfer
and avoid strong fitness cost to the host [28]. Because ICEclc
relatives are widespread in proteobacterial genomes and have
a very conserved core region including the parA-shi genes
[6, 8], this suggests that they employ a similar mechanism of
horizontal transmission. The mechanism displayed by ICEclc
presents a new concept of how mobile DNA can control host
cell behavior and differentiation in order to ensure horizontal
transmission.
Supplemental Information
Supplemental Information includes four figures, three tables, and Supple-
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